The cluster of imprinted genes located in the Dlk1 -Dio3 domain spanning 1 Mb plays an essential role in controlling pre-and postnatal growth and differentiation in mice and humans. The failure of parent-oforigin-dependent gene expression in this domain results in grave disorders, leading to death in some cases. However, little is known about the role of maternally expressed non-coding RNAs (ncRNAs) including many miRNAs and snoRNAs in this domain. In order to further understand the role of these ncRNAs, we created Gtl2-mutant mice harboring a 10 kb deletion in exons 1 -5. The mutant mice exhibited a very unique inheritance mode: when the deletion was inherited from the mother (Mat-KO), the pups were born with normal phenotypes; however, all of them died within 4 weeks after birth, probably due to severely hypoplastic pulmonary alveoli and hepatocellular necrosis. Mice carrying the paternal deletion (Pat-KO) showed severe growth retardation and perinatal lethality. Interestingly, the homozygous mutants (Homo-KO) survived and developed into fertile adults. Our results show that these phenotypes occur due to altered expression of the Dlk1 -Dio3 cluster genes including miRNAs and snoRNAs via the cis and trans effects.
INTRODUCTION
Genomic imprinting is an epigenetic mechanism unique to mammals, and it is based on the differences between the chromatin structures of maternally and paternally inherited alleles (1) (2) (3) . It involves the expression of certain genes in a parent-of-origin manner depending on the DNA methylation status at differentially methylated regions (DMRs), which are established independently during male and female gametogenesis (4 -6) . Although the imprinted genes are a minority, they are indispensable for normal development (7, 8) .
The Dlk1 -Dio3 domain on mouse distal chromosome 12 is an indispensable cluster of imprinted genes (9 -12) . This region contains the paternally expressed protein-coding genes Dlk1, Rtl1 and Dio3; the maternally expressed noncoding RNAs (ncRNAs) Gtl2, anti-Rtl1, Rian and Mirg; and three DMRs-the Dlk1-DMR located in the 3 0 region of Dlk1, the intergenic (IG) DMR (IG-DMR) located 15 kb upstream of Gtl2 and Gtl2-DMR located around exon 1 of Gtl2 (13) , among which the IG-DMR is thought to be a major regulatory element (12) . However, the precise regulatory mechanism underlying the expression of the Dlk1 -Dio3-imprinted cluster genes is still contradictory.
As is evident in mice showing paternal and maternal uniparental disomy for chromosome 12 (PatD12 and MatD12), the correct expression of imprinted genes at the Dlk1 -Dio3 domain is necessary for development. Embryos with PatD12 die late in the gestation period, whereas those with MatD12 die in the perinatal period (9) . This homologous region is located in chromosome 14q32.2 in humans, and deletions and epimutations within this locus induce defects such as uniparental disomy of chromosome 14 (mUPD14 and pUPD14) (14) . The clinical features of pUPD14 include polyhydramnios, a small thorax and associated respiratory insufficiency, and moderate to severe mental retardation (15) . By contrast, patients with mUPD14 have growth retardation, precocious puberty, obesity and mild mental retardation (16) . Gene knockout (KO) studies in mice have also indicated that the contribution of Dlk1, Rtl1 and Dio3 is essential for prenatal and postnatal development: it was observed that about half of Dlk1-KO mutants die at the neonatal stage (17) ; placental disorder leading to fetal death occurs in Rtl1-KO mutants (18) and 30% of Dio3-KO mutants die at the prenatal stage (19) . In addition, these mutants show severe growth retardation.
Although little is known about the function of maternally expressed ncRNAs, they may have the important function. Because recent studies have demonstrated that imprinted long ncRNAs may have diverse roles in gene regulation, especially in the epigenetic control of chromatin. For example, the Xist RNA expressed from one of the two female X chromosomes plays a role in the inactivation of the chromosome by recruiting Polycomb group proteins to trimethylate histone H3 on lysine 27 (20) . It was also reported that the H19 locus controls the size of experimental teratocarcinomas in in vivo murine models of tumorigenesis (21) . Furthermore, gene KO studies have suggested the role of miRNAs and snoRNAs in the dysregulation of cardiogenesis and the Prader -Willi syndrome in mice (22 -24) . In the Dlk1 -Dio3 domain, it has been shown that many miRNAs and snoRNAs are synthesized from anti-Rtl1/Mirg and Rian, respectively (25 -28) .
In order to gain a better understanding of the function of maternally expressed ncRNAs in this domain, we produced Gtl2-KO mutants, which harbored a deletion of exons 1-5 including Gtl2-DMR. We observed parental origin-dependent lethality in these mutants, and a precise gene expression analysis suggested that a comprehensive change in the cluster of imprinted genes including miRNAs and snoRNAs is involved in the lethality.
RESULTS

Mode of phenotypic inheritance
Here, we focused on Gtl2 ( Fig. 1A ; Supplementary Material, Fig. S1 ), the ncRNA that may extend to Mirg (29) , and on Gtl2-DMR, which is located around exon 1 of Gtl2 (13). Gtl2-KO mutants exhibited parental origin-dependent developmental phenotypes (Fig. 1B -D Fig. S2 ). Heterozygous mutant mice that inherited the Gtl2 deficiency from the mother (Mat-KO mutants) were born in the expected Mendelian ratio and had a normal physique. However, all the mutant pups failed to maintain the same growth rate as their wild-type (WT) littermates and died within 4 weeks (n ¼ 119), when they were mated with the C57BL/6N or B6D2F1 male mice. ( Fig. 1B and E Fig. S2 and Table S1 ). The mean body weight at birth (1.61 g, n ¼ 119) was not significantly different from that of the WT control pups (1.58 g, n ¼ 643) (Fig. 1D) . Histological analysis showed that at 7 days after parturition (P7), the Mat-KO mutants suffered from the typical symptoms of severely hypoplastic pulmonary alveoli and hepatocellular necrosis (Fig. 2) . The former was diagnosed on the basis of the incomplete development of alveolar sacs along with the formation of a thin respiratory epithelium and by which the lethality might be caused (discussed in later) (30) .
In contrast, among the mutants that inherited the Gtl2 deficiency from the father (Pat-KO mutants), the mean number of the hetero mutant pups per litter was half of that of WT pups at natural delivery date. Furthermore, half of the Pat-KO pups died within a few days after birth, thus about only one-fourth of the mutants survived and developed into fertile adults ( Fig. 1E and Table 1 ). The surviving pups weighed significantly less (1.03 g, n ¼ 126) than the WT control pups and exhibited microplasia throughout their growth period, but they eventually developed into fertile adults (Fig. 1B and D) (Supplementary Material, Fig. S2 ). Data from the histological analysis were not indicative of any signs of abnormality (Supplementary Material, Fig. S3 ). It was impossible to maintain the Pat-KO mutant strain beyond the N3 generation by mating Pat-KO mutants with C57BL/6N mice; therefore, subsequent generations were produced by mating them with B6D2F1 mice.
To gain further insight into this unique inheritance mode, we produced homozygous Gtl2 deletion mice (Homo-KO mutants) by mating male heterozygous mutants with female heterozygous mutants. Surprisingly, the Homo-KO mutants survived and developed into normal female and male adults ( (Fig. 1D) . The lung and liver defects observed in the Mat-KO mutants were clearly restored in the Homo-KO mutants (Supplementary Material, Fig. S3 ). The Mat-KO and Pat-KO mutants obtained by mating male and female heterozygous mutants exhibited exactly the same phenotype as the Mat-KO and Pat-KO mutants produced by mating WT mice with heterozygous mutants.
Expression of the cluster of imprinted genes
To gain a better understanding of the molecular mechanisms underlying the specific inheritance mode and defects in the Gtl2 mutants, we next performed a detailed gene expression analysis by using quantitative real-time polymerase chain reaction. First, we assayed the expression of Gtl2 in major tissues (brain, tongue, lung, liver, heart, kidney and spleen) at postnatal day 1 (P1) and embryonic day 15.5 (E15.5), and found that the expression was less than detectable level in the heart, kidney and spleen (data not shown). The lack of Gtl2 expression was confirmed in the Mat-KO and Homo-KO mutants by using the primers designed for exons 7-8 excluding the deletion locus ( Fig. 3A and B) . To gain further insight into the postnatal lethality of the Mat-KO mutants and postnatal growth retardation in the Pat-KO mutants, we examined the expression of Dlk1, Rian, Mirg and Dio3 at P1 (Fig. 3A) . In the case of the Mat-KO mutants, the expression of Rian and Mirg in the brain and tongue was decreased to ,20% of the control level; in the lung and liver, the expression was decreased to nearly half the control level. However, there was no significant change in the expression of paternally expressed Dlk1 and Dio3 in the Mat-KO mutants (Fig. 3) .
In the Pat-KO mutants, Dlk1 expression was decreased to ,15% of the control level in the lung and liver, and Dio3 expression was decreased to 30% of the control level in the tongue. In contrast, Rian and Mirg expression was 2-fold the control level in the lung and liver, and Rian expression was 2-fold the control level in the brain. Detection of the expressed allele by polymorphic analysis for cDNAs revealed that the increased expression of Rian and Mirg was caused by biallelic expression, indicating the loss of imprinting of the Dlk1 -Dio3 domain on the paternal allele (Supplementary Material, Fig. S4 ).
In the case of the Homo-KO mutants that developed into adults, the expression of Rian and Mirg was decreased to ,60% of the control level in the brain and tongue, whereas . The values are expressed as the means + SEM. The superscripts denote the differences (P , 0.05) between the genotype means. (E) Pedigree of the Gtl2 mutants. Males from the N1 and N2 generations were mated with C57BL/6N females, whereas those from the N3 or subsequent generations were mated with B6D2F1 females. Females from the N1 and N2 generations were mated with C57BL/6N males; those from the N3 generation with C57BL/6N or B6D2F1 males and those from the N4 or subsequent generations with B6D2F1 males. the expression level of these genes was more than 1.5-fold the control level in the lung and liver. The expression of Dlk1 was decreased to 23 and 58% of the control level in the lung and liver, respectively. Thus, the expression of the imprinted genes in the Homo-KO mutants tended to normalize in comparison to the Mat-KO and Pat-KO mutants, suggesting that the postnatal survivability and growth were correlated with subtle differences in the expression dosage of the imprinted genes at the Dlk1 -Dio3 domain.
Subsequently, to investigate the cause of the perinatal lethality in the Pat-KO mutants (Table 1) , we examined the expression of the imprinted genes at E15.5 (Fig. 3B) . The analysis showed that the expression of Dlk1 was remarkably decreased in the major organs examined in the Pat-KO mutants but not in the Mat-KO mutants. In the Pat-KO mutants, the expression of Rian and Mirg was increased to more than 1.5-fold the control level in the lung, liver and placenta, whereas in the Mat-KO mutants, it was decreased to 40% of the control level in the brain and tongue. In the Homo-KO mutants, increased expression of Rian and Mirg was detected in the lung, liver and placenta (.1.5-fold), and significantly decreased expression of Dlk1 was found in the major organs as well as in the Pat-KO mutants. In addition, using northern blot hybridization, we analyzed Rtl1 expression that was detected only in the placenta and tongue in controls. The expression of Rtl1 was not detected in all tissues examined in the Pat-KO mutants. While the expression in the placenta and tongue was detected at 1.5-fold the control level in the Mat-KO mutants, it was somewhat restored in the Homo-KO mutants (Fig. 3C) . Although it is difficult to illustrate the cause of prenatal lethality in the Pat-KO mutants from the present gene expression analysis, the significant decrease in the expression of Dlk1 and Rtl1 seems to be involved.
Expression of miRNAs and snoRNAs
It has been reported that a number of miRNAs are generated from anti-Rtl1 and Mirg and that snoRNAs are generated from Rian (Fig. 4A) (25 -28) . To further understand the specific phenotypes, we assessed the expression levels of seven miRNAs and six snoRNAs at P1 (Fig. 4B and C) .
In the Mat-KO mutants, the expression of miRNAs and snoRNAs was extremely decreased in the brain (10 -21% of the control level), tongue (23 -41% of the control level) and liver (31 -48% of the control level). Furthermore, miR-329 expression was 53% of the control level in the lungs, and many snoRNAs were expressed at an extremely low level in the brain (27 -34% of the control level), tongue (50 -73% of the control level) and liver (56 -67% of the control level).
On the contrary, in the case of the Pat-KO mutants, increased expression of seven miRNAs (1.5-to 1.9-fold the control level) was observed in the lungs, and increased expression of miR-154 and miR-127 (1.4-fold the control level) was observed in the tongue. These changes could be involved in the decrease of Rtl1 expression in the Pat-KO mutants via the trans effect (31). The expression of snoRNAs was increased in the tongue (1.2-to 1.5-fold the control level) and liver (1.4-to 1.6-fold the control level).
In the Homo-KO mutants, a significant decrease was observed in the expression of miRNAs in the brain and tongue but not in the lung and liver. The expression of seven miRNAs was decreased to 33-70% of the control level in the brain and to 41-75% of the control level in the tongue. The expression of snoRNAs was rather similar to that observed in the Pat-KO mutants, with the exception of the expression in the brain, which was as low as that observed in the Mat-KO mutants.
Methylation status in the intergenic DMR
The Dlk1 -Dio3 region contains three known DMRs: the Dlk1-DMR in the 3 0 region of Dlk1, IG-DMR 15 kb upstream of Gtl2 and the Gtl2-DMR at the Gtl2 site of the Gtl2 promoter (13) . Of these, the IG-DMR is known to act as a major element controlling gene expression in this imprinted domain (12) . We examined whether the methylation status of IG-DMR (Fig. 5) and Gtl2-DMR (Supplementary Material, Fig. S5 ) was altered in the Mat-KO and Pat-KO mutants. The results revealed that the parental origin-specific methylation status, i.e. hypermethylation in the paternal allele and hypomethylation in the maternal allele, was maintained in both the Pat-KO and Mat-KO mutants. This implies that the IG-DMR is not involved in the unique inheritance mode in the Gtl2 mutants, and that the deleted Gtl2-DMR and/or the transcript itself may be involved in the regulation and/or stabilization of gene expression in the present case.
DISCUSSION
In the present study, we demonstrated that the Gtl2 mutants with the three different genotypes showed a unique inheritance mode of each specific phenotype: prenatal lethality and postnatal lethality in the Pat-KO and Mat-KO mutants, respectively. These novel findings for imprinted genes of the Dlk1 -Dio3 domain provide a new insight into the role of maternally expressed ncRNAs.
The present study involving extensive breeding revealed that the postnatal lethality in the Mat-KO mutants was invariable: all the mutant pups died before the age of 4 weeks. The histological observations showed that the Mat-KO mutants exhibited hypoxic hypoxia, which in combination with hepatic insufficiency may have been responsible for the death of the Mat-KO mutants (32) . The data from the microarray analysis (GeneChip 430-2.0; Affymetrix) (Supplementary Material, Fig. S6 ) also suggested the presence of defects, because Hif3a (33) and Ddit4 (34), which are induced by hypoxia, were expressed at significantly higher levels in the lungs of the Mat-KO mutants. This suggests that the mice suffered from hypoxia. The cause of the death of the Mat-KO mutants is not entirely clarified by the present study. However, these results indicate a possibility that the inability of pups to suckle was due to the severely hypoplastic pulmonary alveoli, which therefore resulted in failure to thrive and death. Further, the hepatocellular cells deficiency may be caused by starvation.
Although the reason for the fatalities observed among the Mat-KO mutants is not yet fully understood, it may involve a decrease in the expression of miRNAs and snoRNAs from this imprinted domain; these miRNAs and snoRNAs are derived from anti-Rtl1/Mirg and Rian, respectively (25 -28) . Recent noteworthy studies have suggested the direct role played by miRNAs and snoRNAs in the dysregulation of cardiogenesis (24) and the Prader -Willi syndrome (22, 23, 35) via the trans effect. It is known that conditional inactivation of Dicer, which is required for generating miRNAs, in the developing lung results in altered lung epithelial morphogenesis in mice (36) . Because the Gtl2 transcript may extend into Mirg (29), it is supposed that the repression of Gtl2 in the Mat-KO mutants results in the decrease in Rian and Mirg expression, which in turn leads to the repression of the maternally expressed ncRNAs and the miRNAs and snoRNAs derived from them.
It has been demonstrated that the IG-DMR functions as the major imprinting control element in the Dlk1 -Dio3 domain. IG-DMR deletion in the maternal allele results in lethality commencing from E16 in mutant mice due to overexpression of the Dlk1, Rtl1 and Dio3 (12, 37) . In the Gtl2 Mat-KO mutants, the IG-DMR methylation status was maintained; hypermethylation in the paternal allele and hypomethylation in the maternal allele. Therefore, the expression of paternally expressed genes did not change in the Gtl2 Mat-KO mutants, which were born as normal pups. These facts could explain the difference of phenotypes between the two mutants. On the other hand, the Pat-KO mutants showed severe growth retardation, and perinatal lethality depending on the genetic background. The N3 generation of the Pat-KO mutants was not obtained by mating of the N2 generation with C57BL/6N strain mice. A similar effect of genetic background has been reported in Rtl1 mutant mice, in which the deletion was inherited from the father and which showed late-fetal or neonatal death (18) . The present gene expression analysis also suggests that the repression of Rtl1 is involved in prenatal and neonatal lethality in the Pat-KO mutants.
Interestingly, reduction in the severity of the heterozygous phenotype occurred in the Homo-KO mutants, which were born as normal pups and developed into normal adults. The expression analysis suggested that the expression of the miRNAs and snoRNAs at the Dlk1 -Dio3 domain is involved in this unique phenomenon, because these expressions in the Homo-KO mutants were apparently restored. Furthermore, the expression of Rtl1 in the Homo-KO mutants perhaps led to the reversal of the developmental defects caused by repression of Rtl1 in Pat-KO mutants. This unique inheritance mode is similar to that observed in callipyge sheep. In these sheep, an intergenic mutation between Dlk1 and Gtl2 in the Dlk1 -Dio3 region induces pronounced muscular hypertrophy, particularly in the hindquarters, only when there is upregulation of Dlk1 and Rtl1 in the paternal heterozygous mutants. However, offspring that inherit this mutant allele from the mother or from both parents are normal. This unique phenomenon has been explained by compensation of the expression of imprinted genes in the Dlk1 -Dio3 region (38 -40) .
We cannot rule out the role of the retained neomycin cassette in the regulation of this domain. It has previously been shown that the presence of a heterologous sequence (neo cassette or lacZ) at the 5 0 end of Gtl2 affects the cis regulation of Dlk1 and Gtl2 on both parental chromosomes (41) (42) (43) . Deletion of the endogenous site of the insertion had no effect on regulation, suggesting that foreign elements can influence gene activity and repression at this locus (43) . In the Gtl2lacZ mouse model, however, the Gtl2 transcript was intact with increased activity of the normally silent paternal allele, which was associated with decreased Dlk1 expression from the paternal chromosome. Decreased Gtl2 expression from the maternal chromosome coincided with increased Dlk1 expression. This differs from the mutation reported here in which Gtl2 transcription is lost with minimal effect on the adjacent Dlk1 gene. This suggests that a regulatory relationship between Gtl2 and Dlk1 requires either the process of transcription or the transcript itself.
On the basis of these findings, we suggest that Gtl2 and/or Gtl2-DMR could function as the critical regulatory cis-element in the Dlk1 -Dio3-imprinted domain. The deletion of Gtl2 and/or its DMR perhaps affects the expression of the neighboring imprinted genes via the cis-regulatory elements, and this modification may affect the trans-regulatory mechanisms between parental alleles (see Fig. 6 ). These results provide a framework for gaining further insight into the regulatory mechanisms underlying the Dlk1 -Dio3 imprinted domain, which may play a pivotal role in embryonic development and neonatal growth.
MATERIALS AND METHODS
Generation of Gtl2-knockout mice
We used the E14 embryonic stem (ES) cell line derived from the 129/Sv mouse strain, and targeted Gtl2 exons 1 -5 (10 kb) with a neomycin-resistance cassette (neo) by using standard techniques. We confirmed the homologous recombination events of putative targeted ES cell clones by Southern blot hybridization. Chimeric males were mated with C57BL/6N females to establish a mutant mouse line. It was impossible to maintain this strain by continuous crossing with C57BL/6N mice for more than three generations; therefore, the Gtl2-KO mice lines were maintained by mating with B6D2F1 (BDF1) mice for up to six generations. The Pat-KO and Mat-KO mutants were generated by reciprocal mating between the WT (BDF1) and heterozygous Pat-KO mutants. The Homo-KO mutants were obtained by mating male Pat-KO mutants with female Pat-KO mutants. The heterozygous mutant line could be maintained only when the mutation was inherited from the father because the Mat-KO mutants were not viable and never survived beyond 4 weeks of age. Genotyping of the mutant mice was conducted by PCR amplification of DNA with the following specific primers for exons 1 and 2 of Gtl2 and neo: neo, 5 0 -GTGAGCCCCGAGACCTTAGATTTT-3 0 and 5 0 -CTGCTAAAGCGCATGCTCCAGAC-3 0 ; Gtl2, 5 0 -CAAC 
Histological analysis
The brain, muscles, lungs, heart, liver, spleen, kidney, stomach, intestine, gonads and placenta of the Gtl2-deleted and WT littermates at E18.5 and P7 were fixed with 4% paraformaldehyde and observed after hematoxylin/eosin (HE)
staining. The number of distal air sacs across terminal respiratory units was estimated by the radial alveolar count (RAC) method (44) . A line was drawn from the center of a respiratory bronchiole to the nearest interlobular septum, to which a perpendicular intercept line was drawn. The number of distal air sacs that were transected by the intercept line was counted. This assessment was repeated for 10 terminal respiratory units in 1 random tissue section per mouse.
DNA methylation analysis
DNA was isolated from the brain and liver of the Pat-KO and Mat-KO mutants, which were generated by reciprocal mating between the WT (DBA/2) and Pat-KO mutants. Bisulfite sequencing was performed as described previously (45 
Quantitative real-time RT -PCR
For quantitative real-time RT -PCR (7500 Real-Time PCR System; Applied Biosystems), total RNA was extracted from the brain, tongue, lung and liver by using the mirVana miRNA Isolation Kit (Ambion). For the expression analysis of Dlk1, Gtl2, Mirg, Rian and Dio3, cDNA was synthesized by using SuperScript III reverse transcriptase (Invitrogen) in a 20 ml reaction solution containing 500 ng total RNA. The gene expression levels were measured by real-time PCR with the SYBR Green PCR Master Mix (Applied Biosystems).
The following primers that were used for quantification have been previously described (11): Gtl2 (Exon 7), 5 0 -CCATT TGCTGTTGTGCTCAGGT-3 0 and Gtl2 (Exon 8), 5 0 -TGCA ACGTGTTGTGCGTGAAG-3 0 . The miRNA expression in each sample was analyzed with TaqMan MicroRNA Assays (Applied Biosystems). The amount of miRNA in each sample was calibrated against the MBII-143 expression. This value was then used to calculate the D threshold cycle (CT) value for each miRNA (miRNA CT value-MBII-143 CT value). Fold changes were calculated as follows: a unit increase in the CT value was equivalent to a 2-fold increase in expression (DDCT method). The expressed allele was detected by single-nucleotide polymorphism analysis using cDNA synthesized from the total RNA of the heterozygous mutants, which were generated by reciprocal mating between the WT (JF1) and Pat-KO mutants. The primers used for the analysis have been previously described (42) .
Northern blot hybridization analysis
For Rtl1 expression analysis, we isolated the total RNA and poly(A)þ RNA from the brain, tongue, lung, liver and placenta by using TRIzol (Invitrogen) and the PolyATract(R) mRNA Isolation System (Promega). The probes and method used for the analysis have been previously described (11) . For snoRNA expression analysis, we isolated total RNA Figure 6 . Mechanistic model for the regulation of gene expression in the Gtl2 mutants. Schematic representation of the four genotypes at the Dlk1-Dio3 domain. The elements are shown in gray when inactive, in pink when active on the maternal allele and in blue when active on the paternal allele. The three types of regulatory interactions are symbolized by orange lines (cis effect) and green lines (trans effect). Deletion of activated Gtl2 might cause reduced expression of anti-Rtl1, Mirg and Rian (including miRNAs and snoRNAs) on the maternal allele (cis effect). Deletion of methylated Gtl2-DMR might cause relaxation of imprinting at the Dlk1-Dio3 domain on the paternal allele (cis effect). Several miRNAs processing anti-Rtl1 mediate the degradation of Rtl1 (trans effect).
from the brain, tongue, lung and liver by using TRIzol (Invitrogen). The total RNA (10 mg) obtained was fractionated on a 6 -12% gradient acrylamide gel with 7 M urea. After the fractionated RNA was electrophoresed and transferred onto a hybridization membrane, it was subjected to prehybridization (32), P-labelled probe hybridization, and washing with the mirVanaTM Probe kit (Ambion) according to the manufacturer's instructions. The oligodeoxynucleotide probes used for the analysis have been described previously (25) .
Microarray analysis
We isolated total RNA from the brain, lung and liver by using TRIzol (Invitrogen). The GeneChip Mouse Genome 430 2.0 Array (Affymetrix), which contains 45 101 probe sets, was used for gene expression profiling. The arrays were scanned with a GeneChipTM3000 laser confocal slide scanner (Affymetrix), and the images were quantified with the GeneChip Operating System, version 1.3 (GCOS; Affymetrix). The GCOS output files were then loaded into GeneSpring v7.3 (Agilent Technologies Inc.) with per chip normalization to the 50th percentile and per gene normalization to the average expression level in WT mice. To eliminate genes with lower reliability, we selected genes with raw signals intensities .100 and SD ,0.5 from the WT mice.
Statistical analysis
For comparison of the data, statistical analyses were carried out with one-way analysis of variance and the Fisher protected least significant differences test by using the statistical analysis software Statview (Abacus Concepts Inc., Berkeley, CA, USA). A P-value of ,0.05 was considered significant.
